Abstract Mutations in the cartilage oligomeric matrix protein (COMP) gene are responsible for two dominantly inherited skeletal dysplasias, pseudoachondroplasia (PSACH) and multiple epiphyseal dysplasia (MED). Mutation analysis of the COMP gene in Korean patients with PSACH and MED was performed. All nine patients with PSACH had mutations in the COMP gene, while three of the five patients with MED had detectable COMP mutations. Eight mutations, including three novel mutations, were identified in the COMP gene in the patients with PSACH and MED. Six mutations were found within the calmodulin-like repeats (CLRs) domain, especially in the seventh CLR and the other two mutations were in exon 16 outside of CLRs, which encode the C-terminal globular domain. Among the three novel mutations, two were missense mutations (Asp473Tyr, Asp482His) and one was a consecutive two-codon deletion, delAspAsp(469-473) in the five consecutive aspartic acid residues. All three novel mutations produced the PSACH phenotype.
Introduction
Pseudoachondroplasia (PSACH; MIM 177170) is a rare dominantly inherited skeletal dysplasia caused by mutations in the cartilage oligomeric matrix protein (COMP; MIM 600310) gene (Briggs et al. 1995; Hecht et al. 1995) . It is characterized clinically by short-limb dwarfism, a waddling gait, ligament laxity, and early onset severe osteoarthritis of weight-bearing joints. Some mutations in COMP can lead to a form of multiple epiphyseal dysplasia (MED; MIM 132400), a milder form of the skeletal dysplasia. MED has also been associated with mutations in the genes coding for a1, a2, and a3 chains of collagen IX, SLC26A2 and matrilin-3 (Chapman et al. 2001; Czarny-Ratajczak et al. 2001) .
The predominant features of MED are mild short stature and stiff or painful joints. The phenomenon of overlap between the mild form of PSACH and the severe form of MED has been noticed not only in clinical and radiographic characteristics but also in biochemical findings (Manabe et al. 1998; Stanescu et al. 1993) . Therefore, it is now clear that there is a phenotype overlap between these two diseases.
The COMP gene consists of 19 exons and is located on chromosome 19p12-13.1. COMP is a secreted pentameric-adhesive glycoprotein as a member of the thrombospondin family, which is found predominantly in the extracellular matrix of cartilage, tendon, and ligament (Briggs et al. 2002) . COMP consists of an N-terminal pentameric domain, four epidermal growth factor (EGF)-like domains, and eight calmodulin-like repeats (CLRs). COMP has been shown to bind calcium cooperatively and to interact with collagen I, II and IX with high affinity.
Subjects and methods

Subjects
This study included nine patients with PSACH and three patients with MED, aged from 3 to 33 years (average 20 years). There were five males and seven females. Five patients were young children. Six patients were members of three families, two mother-son relations and two brothers. The diagnoses of these patients were made on the basis of clinical and typical radiographic characteristics by pediatric orthopedic surgeons and a pediatric radiologist.
The patients diagnosed as having pseudoachondroplasia included three children and six adults. The inclusion criteria for pseudoachondroplasia were severe short stature, severe multiplane deformity of the extremities involving the both epiphyses and metaphyses, early onset osteoarthritis, and severe ligament laxity of all the examined joints except for the elbow. The average height of patients older than 17 years with PSACH (6 patients) was 116.3 cm. All patients showed normal intelligence and nearly normal head and face physiology. The patients diagnosed as having multiple epiphyseal dysplasia included two children and one adult. The inclusion criteria for multiple epiphyseal dysplasia were mild short stature, mild deformity of the extremities involving only the epiphysis, early onset osteoarthritis, and no joint hypermobility. Two children were brothers and were below the third percentile for height. The height of one adult (patient 3) was 140 cm.
Mutation analysis
Informed consents for DNA analysis were obtained from the patients and/or their parents, depending on patient's age. Genomic DNA was isolated from peripheral blood leukocytes using the QIAamp DNA blood kit, following the manufacturer' instructions (Qiagen, Hilden, Germany). All 19 exons of the COMP gene, including exon-intron boundaries, were amplified by PCR. PCR amplicons were extracted from an agarose gel using gel extraction kit (Qiagen). Direct sequencing was performed using a BigDye Terminator Cycle Sequencing Ready Reaction kit, version 2.0 (PE Applied Biosystems, Foster City, CA, USA) and analyzed with an ABI 310 automated sequencer (PE Applied Biosystems) according to the standard methods. To clarify heterozygous deletion mutations of the trinucleotide repeats region in exon 13, PCR products were subcloned into pGEM-T Easy Vector (Promega, WI, USA) and subjected to sequencing analysis. In addition, COMP genes in 50 normal individuals were analyzed to confirm that the novel sequence variations in the COMP gene revealed in this study were not polymorphisms but real pathogenic mutations.
Results
All nine patients with PSACH had mutations in the COMP gene, while only three of the five patients with MED had detectable COMP mutations. Eight mutations were identified in the COMP gene in the twelve patients with PSACH or MED (Table 1) . Three mutations were shown in the family members. All mutations were heterozygous. Six mutations were found within the CLRs, especially in the seventh CLR, and the other two mutations were in exon 16 outside of CLRs, which encode the C-terminal globular domain. Three mutations were newly identified mutations in this study. Two were missense mutations (Asp473Tyr, Asp482His; Fig. 1A-B) and the other mutation was a consecutive two-codon deletion, delAspAsp(469-473), in the five consecutive aspartic acid residues (Fig. 2) .
Discussion
PSACH and MED are autosomal dominantly inherited skeletal dysplasias caused by heterozygous mutations in the COMP gene. The majority of identified COMP mutations are clustered in the type III repeat (Briggs et al. 2002) , most localized to conserved residues within the CLRs encoded by exons 8-14. Eight mutations, including three novel mutations, were identified in this study. Two mutations were observed in the MED phenotype and six in the PSACH. For the Thr585Met mutation, there were two reports concerning their produced phenotype. In one report (Briggs et al. 1998) , the patient with the Thr585Met mutation produced the PSACH phenotype, in the other report (Czarny-Ratajczak et al. 2001) , the patient with Thr585Met produced the MED phenotype, which was the same as our observation. The Asp385Asn mutation was a recently identified mutation (Mabuchi et al. 2003) , which produced the MED phenotype. The Asp385Asn mutation was shared in two brothers, which was supposed to be a germline mutation, because their parents had no symptoms of skeletal dysplasia.
About one-third of the patients with PSACH carried a deletion of one codon in a short GAC repeat which encodes aspartic acid residues 469-473 (Hecht et al. 1995; Briggs et al. 1998 ). We identified a novel consecutive twocodon deletion, delAspAsp(469-473), resulting in the contraction of the repeat unit to three GAC repeats, (GAC) 3 . This novel deletion mutation, delAspAsp(469-473), was inherited from mother to son. A novel missense C-term (16) mutation, Asp473Tyr, also was identified, which affects the fifth aspartic acid of residues. Usually, heterozygosity for the (GAC) 4 and (GAC) 7 produced the PSACH phenotype, while heterozygosity for the (GAC) 6 alleles resulted in the milder MED phenotype (De´lot et al. 1999 ). In our observation, the patients with heterozygosity for the codon deletions, delAsp (469) (470) (471) (472) (473) , and the patient with heterozygosity for the missense mutation (Asp473Tyr) in the seventh CLR of COMP gene produced the PSACH phenotype. The calmodulinlike domain of COMP is composed of the consensus sequence DXDXDX8 (Maddox et al. 1997) , in the seventh CLR, the DXDXD sequence is the stretch of five consecutive aspartic acids. Another common point mutation, Asp472Tyr, which affects this stretch also has been reported to produce PSACH mutation (Briggs et al. 2002) . Another novel Asp482His mutation was identified in the COMP gene from the patient with PSACH. The Cys328Arg mutation was inherited from mother to son with the PSACH phenotype. Patients with mutations in exon 13 were significantly short, relative to those with mutations elsewhere in the COMP gene (p=0.046). The heights of patients with mutations in exon 13 were below -8SD, with one exception of a 3-year old patient with PSACH. In accordance with our observations, the recent paper of Mabuchi et al. reported that patients with mutations in the seventh CLR were very short relative to those with mutations on other CLRs or elsewhere in the COMP gene (Mabuchi et al. 2003) .
Further studies of the COMP gene mutation and observations of the genotype-phenotype relationship will be very helpful for elucidating COMP gene function and the pathogenesis of PSACH and MED. 
